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Available online 4 March 2008Maintenance of the shape and diameter of biological tubules is a critical task in the development and
physiology of all metazoan organisms. We have cloned the exc-9 gene of Caenorhabditis elegans, which
regulates the diameter of the single-cell excretory canal tubules. exc-9 encodes a homologue of the highly
expressed mammalian intestinal LIM-domain protein CRIP, whose function has not previously been
determined. A second well-conserved CRIP homologue functions in multiple valves of C. elegans. EXC-9
shows genetic interactions with other EXC proteins, including the EXC-5 guanine exchange factor that
regulates CDC-42 activity. EXC-9 and its nematode homologue act in polarized epithelial cells that must
maintain great ﬂexibility at their apical surface; our results suggest that CRIPs function to maintain
cytoskeletal ﬂexibility at the apical surface.
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Tubular structures play important biological roles in all metazoan
organisms. Maintaining the structure of tubules such as vasculature,
lung sacs, and kidney nephrons is critical for many biological functions
(Lubarsky and Krasnow, 2003). Most tubules are constructed from a
series of linked epithelial cells. Tubules such as the Caenorhabditis
elegans excretory canal and the single-cell tips of branches of the
Drosophila trachea provide simpliﬁed models in which a single epi-
thelial cell forms a long tubular structure (Buechner, 2002; Casanova,
2007; Ghabrial and Krasnow, 2006; Kerman et al., 2006; Tonning et al.,
2005).
The C. elegans excretory canal regulates the osmolarity of the
nematode (Nelson and Riddle, 1984). The excretory canal cell body
forms and extends a tubule from each side of the cell body on the
ventral surface of the nematode; the two tubules bifurcate when they
reach the lateral side, to form an H-shaped structure that extends the
entire length of the animal (Nelson et al., 1983;White,1987). Guidance
and full extension of the canals to the anterior and posterior ends of
the animal are compromised in mutants affecting basolateral
receptors and basement membrane proteins such as the UNC-6
netrin, EPI-1 laminin, and UNC-52 heparan sulfate proteoglycan
(Buechner et al., 1999; Hedgecock et al., 1987; Huang et al., 2003). In
contrast, apically expressed proteins affect the morphology of the
lumen of the canals. These proteins include ion channels and pumps
(Berry et al., 2003; Liegeois et al., 2007), cytoskeletal proteins (Gao et
al., 2001; Gobel et al., 2004; McKeown et al., 1998; Praitis et al., 2005;
Suzuki et al., 2001), an apically secreted protein (Jones and Baillie,r@ku.edu (M. Buechner).
alifornia at Irvine, 328 SpragueHl rights reserved.1995), and proteins that affect trafﬁcking of apical cytoskeletal
components (Fujita et al., 2003). The functions of a large number of
other genes that alter the apical cytoskeleton to affect excretory canal
shape remain to be identiﬁed (Buechner et al., 1999). A single cell must
closely regulate the relative growth of the apical and basal surfaces in
order to create a lumen of uniform diameter that extends to the full
length of the tubule (Buechner, 2002). In addition, outgrowth of the
excretory canals occurs while the animal is growing and bending, so
the cytoskeleton at both the apical and basal surfaces of these narrow
tubules must exhibit signiﬁcant ﬂexibility during and after growth.
We have identiﬁed the EXC-9 protein as a small LIM-domain
protein homologous to the mammalian Cysteine-Rich Intestinal
Protein (CRIP) (Blackshaw et al., 2004; Davis et al., 1998; Lanning-
ham-Foster et al., 2002). A second CRIP homologue found in multiple
valve tissues of C. elegans can substitute for EXC-9 if expressed in the
excretory canal, and its absence inhibits the function of these valves.
The function of CRIP proteins in mammals is presently not known.
Overexpression of exc-9 in other exc backgrounds indicates that
EXC-9/CRIP acts upstream of the EXC-5 FGD-like guanine exchange
factor (GEF). We suggest that CRIPs modulate stability of the actin
cytoskeleton to affect cell morphology.
Materials and methods
Nematode genetics
All mutants were derived from the N2 Bristol strain background. The exc-9(gk395)
deletion allele was generously supplied by the C. elegans Knockout Consortium
(Vancouver, http://ko.cigenomics.bc.ca). Other strains were generously supplied by the
Caenorhabditis Genetics Center (Minneapolis; http://biosci.umn.edu/CGC). All strains
were maintained as described (Brenner, 1974).
We reﬁned the map position of exc-9 on linkage group IV (Buechner et al., 1999)
by use of snip-SNP mapping. bli-6(sc16) exc-9(n2669) and exc-9(n2669) fem-3(q20)
double mutants were crossed to the Hawaiian strain CB4856. From the heterozygous
F1 progeny, Bli non-Exc and Exc non-Fem recombinant F2 progeny were picked and
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CB4856 SNP markers on LG IV. SNP site C06A6:2004 was tested on Bli non-Exc
recombinants, and SNP site B0218:15870 was tested on Exc non-Fem recombinants;
the results indicated that these two sites are the boundary of exc-9. Cosmids in this
region, provided by the Sanger Center, Cambridge, UK, were prepared and
microinjected into worms as described (Mello and Fire, 1995). The plasmid or cosmid
DNA was microinjected together with pRF4, which contains the dominant mutation
rol-6(su1006) as marker (Kramer et al., 1990), into the gonadal syncytia of
hermaphrodites. 100 ng/μl was the concentration used for injection unless otherwise
speciﬁed.
DNA
Transcriptional exc-9 construct: Primers speciﬁc to the 2.2 kb upstream of
predicted gene F20D12.5 (5′-CTGCAGTGTTGGCTCTCTGAAATGGA-3′ and 5′-AAGCTT-
CAACTTCGGGTCCTGGCACGA-3′) were used to amplify the exc-9 promoter from N2
genomic DNA. Translational construct: The same upstream primer was used in com-
bination with a primer speciﬁc to the last predicted exon of exc-9 (5′-AAGCTTCAAC-
TTCGGGTCCTGGCACGA-3′). For both constructs, ampliﬁed DNA was ﬁrst ligated into
pCR®-XL-TOPO® vector (Invitrogen), then digested with PstI and HindIII and cloned
into the multi-cloning site of pPD95.75 (gift of A. Fire), upstream and in-frame with the
gfp gene.
Construction of Pvalv-1∷gfp, in which the valv-1 (B0496.7) promoter drives gfp
expression, was done in a similar way as was the exc-9 transcriptional vector. The
primers used are: 5′-CTGCAGGATTATTACGATGGTTTTG-3′; 5′-AAGCTTATCGTAA-
TATCGTTCATTTT-3′.
The Pvha-1∷exc-9∷gfp construct, incorporating the exc-9∷gfp translational fusion
under the control of the vha-1 promoter, was made by ligating the exc-9 coding region
into the MscI and SacI restriction sites of the vector pCV01 (Oka et al., 2001). The
primers used are:
exc-9 upstream: 5′-TGGCCACATTTCAGAGAGCCAACA-3′
exc-9 downstream: 5′-GAGCTCGGAACCTGAAAATGTTGAGAAT-3′
valv-1 upstream: 5′-TGGCCAATGCCAAACTGTCCAAAT-3′
valv-1 downstream: 5′-GAGCTCGGATTTCCAGTAGTTCCTTGAA-3′
RNAi
Double-stranded RNA was synthesized by use of the MEGAscript T7 kit (Ambion)
with an exc-9 PCR product (primers: 5′-TAATACGACTCACTATAGGAAGTCATTCG-
GAGGTTTGTTTAG-3′ and 5′-TAATACGACTCACTATAGGTCTTACCTGTCCAGTTTGTC-3′)
from N2 genomic DNA as template. For valv-1, primers 5′-TAATACCACTCACTATAGGG-
TAAGTTGTTTTTTCAAGTT-3′ and 5′-TAATACCACTCACTATAGGTTTCCAGTAGTTCCTTGA-3′
were used. The dsRNA was microinjected directly into N2 animals without further
treatment (Fire et al., 1998), along with plasmid pRF4 containing the rol-6(su1006)
dominant allele as marker.
Sequence analysis
The exc-9 (n2669) amber mutation was identiﬁed via PCR ampliﬁcation of the
F20D12.5 sequence from DNA puriﬁed from exc-9 (n2669) mutant animals. The
ampliﬁed fragment was ligated into pCR®2.1-TOPO® vector (Invitrogen). Five positive
colonies with the insert were sequenced to make sure the error was not introduced
randomly by the PCR. DNA sequencing of the ampliﬁed region was performed on both
strands.
Alignment of the exc-9 gene and homologues was performed using ClustalW
analysis on Vector NTI (Invitrogen), followed by the use of TreeView to draw the
phylogenetic tree. Homologous sequences used for analysis (and their GenBank
accession numbers) include: Nematode proteins EXC-9 (NP_501326), VALV-1
(NP_501187), CBG17716 (CAE70917), and CBG05866 (CAE61880); vertebrate proteins
CRIP and CRP1 (AAP36964, XP_001333107, AAI35403, NP_031789), CRP2
(NP_001005968, NP_001303, NP_077185), and CRP3 (NP_996805, Q6Q6R3,
XP_696083), insect CRP1 (XP_967808, XP_001122454); leech CRP1 (AAN73075); and
distant CRP homologues from insect (XP_001120788, NP_651126, EAT43197,
XP_310992, XP_969829) and mushroom (EAU87616). Additional vertebrate proteins
(accession numbers XP_001501981, XP_001094052, XP_001137689, NP_001102773,
XP_855529, Q5R7Y1, AAI35603, CAF93748, CAG13149, XP_001507066, XP_001364171,
NP_001020520, EDL18557, EDL93791, XP_001171359, XP_001507066, NP_001087303,
NP_001087271) mapped to the same branches in Fig. 3 as did the included genes, but
were omitted for clarity. A full tree (including homologues from echinoderm and
trematode, accession numbers XP_001188306, AAX30636) is included as Supplemen-
tary Fig. S1.
Microscopy
Worms and embryos were observed at high magniﬁcation on 2% agarose pads in
M9 buffer, with 1% of 1-phenoxy-2-propanol as anaesthetic added as needed (Sulston
and Hodgkin, 1988). DIC and/or ﬂuorescence microscopy (Sulston and Hodgkin, 1988)
images were taken on a Zeiss AxioskopMicroscopewith aMagnaFire Electronic Camera
(Optronics), and images merged with Corel PhotoPaint software. GFP-positive cellswere identiﬁed according to their position and morphology (www.wormatlas.org)
(Sulston and Horvitz, 1977).
Canal measurements
Excretory canals of living animals expressing a GFP canal marker were observed
through a Zeiss Axioskop Microscope. Shortening of the lumen due to cyst formation
was graded as either: completely shortened with no lumen visible past cysts at the cell
body (0); signiﬁcantly shortened to less than half-length (1); lumen reaching only
midlength to the area around the vulva (2); lumen slightly shortened, reaching to
between the vulva and tail (3); or no shortening/full length to or past the anus (4).
While many animals had 1 or 2 large cysts, we instead graded the overall general canal
cyst size either as: large — over half the width of the animal (0); medium — 1/4 to 1/2
the width of the animal (1.3); small — less than 1/4 the width of the animal (2.7); or no
cysts (4). Wild-type canals were graded as (4) for both canal length and cyst size, while
highly affected cystic mutants have lower scores. “Convoluted canals,” in which canal
extension fails because the basolateral surface is affected (Suzuki et al., 2001) rather than
due to shortening via cyst formation and failure of the apical surface,were graded as full-
length (4) for length, and 4 (no cysts) for cyst size. An overall score was calculated by
averaging all scores together. Statistical analysis of canal length was conducted by
binning similar categories: numbers of canals with poor growth (no or short outgrowth,
scores 0 or 1); numbers of canals with partial growth (halfway or 3/4 length, scores 2 or
3); and number of canals with full outgrowth (score 4). The binned results were then
analysed via a 3×2 Fisher's Exact Test to measure the presence of any full or partial
rescue. Canal cyst lumen size was similarly evaluated with a 3×2 Fisher's Exact Test by
binning numbers of canals with large or very large cysts (score 0 or 1.3); vs. number of
canals with small cysts (score 2.7); and number of canals with no cysts (score 4). A p-
value of 0.0001% or lower was regarded as strong statistical signiﬁcance of rescue; p-
values between 0.0001% and 0.01% or less were regarded as partial rescue.
Yeast two-hybrid assay
A cDNA clone of exc-9 was puriﬁed and sent to the Molecular Interaction Facility
of the University of Wisconsin, Madison, where the clone was ligated into a bait vector
(encoding GAL4 upstream of EXC-9) and tested via two-hybrid assay at low stringency
with the Facility's library of 36 million C. elegans RNAs derived from mixed-stage
hermaphrodites. Five putative interactors were isolated; one was eliminated as a false
positive because it also interacted with empty bait vector. The four validated prey
clones all encoded CSN-5, the nematode homologue to subunit 5 of the COP9
signalosome.
Results
exc-9 mutation alters epithelial structure
Mutation in exc-9was ﬁrst identiﬁed through changes in the shape
and size of the lumen of the excretory canal. Normally, the canal
tubules extend the length of the animal and have a lumen that is only
several microns wide (Buechner et al., 1999) (Figs. 1A, B). In contrast,
both exc-9 alleles (n2669 and gk335) exhibit penetrant defects in canal
morphology; the canal lumen is variably wide and short, often with
septations between cystic areas (Fig. 1C). In n2669, almost half of the
animals exhibit at least one very large ﬂuid-ﬁlled cyst that is greater
than half the diameter of the animal (Fig. 1D), and all animals have
multiple smaller cysts (Table 1). In addition to canal defects, mutations
in exc-9 affect the ﬁne structure of the thin tail whip of hermaphrodite
worms (Fig. 1E); 40% of hermaphrodite exc-9 mutants show tail
defects (Fig. 1F). Finally, male exc-9 mutants show defects in genital
development.Wild-typemales form 9 rays on each side of the tail (Fig.
1G); each ray is composed of a single epithelial cell surrounding a pair
of neurons (Emmons, 2005). In 40% of exc-9mutant male animals, ray
development is abnormal and leads to abnormally shaped or fused
rays (Fig. 1H). As a result, exc-9 male worms show impaired mating
efﬁciency, but overall are capable of mating.
EXC-9 is homologous to a mammalian intestinal protein with a
conserved LIM domain
We used snip-SNP mapping to narrow the position of exc-9 to a
region of 13 cosmids. Injection of cosmid F20D12 rescued the canal
and tail whip phenotypes of exc-9(n2669) animals (Fig. 2A).
Injections of dsRNA corresponding to the predicted gene F20D12.5
encoded on this cosmid caused defects both in the canals (Fig. 2B)
and in the tail whip (Fig. 2C) identical to those of exc-9 mutation.
Fig.1. exc-9Mutant Phenotype. (A) Schematic drawing of excretory canals (in dark grey) in adult wild-typeworm. Anterior to the left. For relative position, the pharynx is indicated in
light grey, vulva at the center of the animal, and anus at the posterior. The cell body beneath the pharynx sends processes right and left, which bifurcate to create four canals that
extend the length of the animal. (B) DIC micrograph of canal lumen inwild-type young adult. Black arrowheads indicate the canal lumen diameter. The tip of the canal lumen (white
arrow) is located past the anal opening near the tail of the worm. (C) Section near center of exc-9(n2669)mutant shows wider lumen (arrowheads) than inwild-type worm and ﬂuid-
ﬁlled cyst (white arrow) at end of shortened canal. (D) Another exc-9(n2669) animal shows large cysts at the cell body (arrow) and no canal extension. (E) Tail whip (arrow) in wild-
type hermaphrodite tapers smoothly to a point. (F) Tail whip (arrow) of exc-9(n2669) animal has a poorly formed tip. (G) Wild-type male has 9 sensory rays at one side of the tail,
while exc-9(n2669) animal (H) has malformed ray (white arrowhead) and attached rays (black arrow). Scale bars: 50 μm.
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gene rescued exc-9 mutants. A strain (VC976) carrying a deletion of
the ﬁrst two exons of F20D12.5 showed similar or somewhat more
severe canal, tail whip, and male ray phenotypes as does exc-9
(n2669), and failed to complement that allele. Finally, sequencing of
the n2669 allele showed an amber mutation in the center of the
predicted coding region. Since the canal morphology of the gk395 is
somewhat more severe than that of n2669 (Table 1), this amber allele
may allow a low level of EXC-9 function. We conclude that F20D12.5
encodes exc-9.The exons of exc-9 cDNA as determined from 5′- and 3′-RACE
(data not shown) match the GeneFinder algorithm predictions
obtained from WormBase (www.wormbase.org) (Fig. 3A). This gene
produces a single transcript that encodes an 85-aa protein. The
protein contains a single LIM domain at the N-terminus (Fig. 3B) and
shows 63% identity and over 70% similarity with both human and
mouse CRIP (Cysteine-Rich Intestinal Protein) (Lanningham-Foster et
al., 2002), both in the LIM domain and in the remaining unique
C-terminal end of the protein (Fig. 3C). LIM domains use cysteine and
histidine in two zinc ﬁngers to mediate protein–protein binding
Table 1
Interactions of EXC-9 alleles with other exc mutations
Genotype Injected
with
n Canal lumen length, % Cyst size, % Score p-value (%)
None Short Midway
(vulva)
3/4 Full-length Large Medium Small None Lumen
length
Cyst size
WT Convoluted
Wild-type – 100 0 0 0 0 100 0 0 0 0 100 4.0
Wild-type exc-9∷gfp 44 0 0 0 0 77 23 0 0 0 100 4.0 100 100
exc-9 (n2669) – 104 1 75 11 14 0 0 2 18 80 0 1.9
exc-9 (n2669) exc-9∷gfp 41 0 27 34 15 0 24 0 10 56 34 2.7 2.75×10−8 6.76×10−7
exc-9 (gk395) – 119 0 82 15 3 0 0 13 52 35 0 1.4
exc-9 (gk395) exc-9∷gfp 161 0 17 34 34 6 9 0 1 86 13 2.7 1.86×10−25 5.07×10−37
exc-9 (gk395) exc-5∷gfp 32 13 0 3 3 0 81 0 0 16 84 3.6 3.85×10−22 2.33×10−25
exc-9 (gk395) valv-1∷gfp 34 0 32 62 6 0 0 0 18 82 0 2.1 1.30×10−5 1.06×10−4
exc-5 (rh232) – 87 63 28 7 2 0 0 20 32 44 5 1.1
exc-5 (rh232) exc-9∷gfp 382 16 54 22 7 1 1 34 38 28 1 1.2 0.0115 0.0116
exc-2 (rh90) – 125 3 94 2 0 0 0 44 29 27 0 1.1
exc-2 (rh90) exc-9∷gfp 117 0 33 52 9 0 7 2 16 76 7 2.2 1.49×10−25 4.01×10−17
exc-4 (rh133) – 69 57 44 0 0 0 0 41 28 32 0 0.8
exc-4 (rh133) exc-9∷gfp 29 16 76 0 0 0 8 14 21 45 21 1.7 8.54 0.161
exc-1 (rh26) – 91 0 18 19 48 15 0 9 17 66 9 2.5
exc-1 (rh26) exc-9∷gfp 119 14 16 24 24 22 0 13 7 63 17 2.3 2.05 20.7
sma-1 (ru18) – 56 0 79 13 9 0 0 0 9 91 0 1.9
sma-1 (ru18) exc-9∷gfp 132 0 59 19 3 1 19 1 2 79 19 2.4 0.0218 4.41×10−3
n, number of canals examined.
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known, but it is enriched in the mammalian gut, heart, lung, skin, and
immune system (Levenson et al., 1993; Tsui et al., 1994) as well as in
regenerating invertebrate neurons (Emes et al., 2003), and over-
expression of CRIP in mice affects immune system function in the gut
(Davis et al., 1998; Lanningham-Foster et al., 2002).
There is additionally another CRIP homologue in C. elegans,
B0496.7, which we have named valv-1. Since the gene structure and
amino acid sequence of exc-9 and valv-1 are highly homologous (81%
identity, 91% similarity) and the two genes are located close to each
other on linkage group IV, valv-1 and exc-9 likely arose through aFig. 2. F210D12.5 encodes exc-9. (A) Canal in progeny of exc-9(n2669) animal
microinjected with F20D12.5 cosmid DNA. Canal lumen is restored to normal diameter
(black arrowheads), and extends all the way to the tail. (B, C) dsRNA corresponding to
the exc-9 2nd and 3rd exons (364 bp, see Fig. 3A) was injected into wild-type worms.
Progeny shows wider canals (B) and malformed tail whip (C), similar to the phenotype
of exc-9 mutants. Scale bars: 50 μm.duplication of an ancestral gene in nematodes. There are similarly
two copies of these CRIP homologues in C. briggsae (Fig. 3C).
Different duplications occurred in mammals (Fig. 3D, Fig. S1),
which have only a single CRIP orthologue, but also contain two
other genes, CRP2 and CRP3, that each contain 2 complete CRIP
sequences (both LIM domain and tail) held together in tandem (van
Ham et al., 2003). Homology to CRIP is found in multiple animal
phyla and in the basidiomycte fungus Coprinopsis. Several insect
species have both a CRIP orthologue and a much larger more distant
protein containing a CRIP motif, but a CRIP orthologue was not found
in the fully sequenced Dipteran genomes Drosophila, Aedes, or Ano-
pheles, and is presumably lost in this order.
EXC-9 and VALV-1 act cell-autonomously
To determine the expression pattern of EXC-9, we made a
transcriptional construct carrying the 2.2 kb exc-9 promoter region
linked to gfp. Expression was found in the excretory canal cell, tail
spike, uterine seam cell (UTSE), distal tip cells, intestine, ALM and PLN
neurons, and nerve ring (Figs. 4A–E). For male worms, although ray
development is affected, no GFP was detected in the mature rays (Fig.
4F, arrows), although GFP is weakly expressed in the tail spike in larval
stages (Fig. 4G). The rescuing translational construct, containing the
entire exc-9 promoter and coding regions linked to gfp, showed the
same expression pattern, and expression was seen throughout the
cytoplasm (Fig. 4H).
The translational GFP construct is lost spontaneously during
some cell divisions. Mosaic animals that expressed this construct in
other tissues where exc-9 is normally expressed, but not in the
excretory canals, still show large cysts. In addition, we found that an
exc-9∷gfp translational construct driven by the vha-1 promoter,
which is expressed only in the excretory canal and head mesodermal
cell (Oka et al., 2001), is capable of rescuing the exc-9 mutant's
cystic canal phenotype (Table 1), but cannot rescue the tail whip
defects. We conclude from these results that EXC-9 acts cell-auto-
nomously to regulate cell structure solely in the tissues in which it is
expressed.
We additionally examined the role of the C. elegans EXC-9
homologue VALV-1. A construct containing the valv-1 promoter linked
to gfp was expressed in the cytoplasm of multiple cells that control
passage ofmaterial fromone tissue to another, such as the pharyngeal–
intestinal valve (Fig. 5A) spermathecal–uterine valves, vulva (Fig. 5B),
Fig. 4. exc-9 is expressed in multiple epithelia and neurons. The 2.2 kb exc-9 promoter was linked to gfp and microinjected into N2 worms. Strong expression was consistently found
in the excretory canal cytoplasm (arrowheads) (A) and tail whip (B), anchor cell (C), uterine seam cell (ventral view) (D), distal tip cells (oblique dorsal view) (E), as well as in the ALM
neurons (arrow in A) and PLN neurons (not shown). In males, a few neurons near the tail expressed the construct (F), and weaker expression was found throughout the developing
larval male tail (G). Arrows in (F) indicate Rays 4–6 in newlymoltedmale. A translational exc-9∷gfp construct was expressed throughout the cytoplasm of the canals and substantially
rescued the cystic canal phenotype of exc-9(n2669) animals (H). Anterior to the left in all panels; scale bars 50 μm.
Fig. 3. EXC-9 is a conserved small LIM-domain protein, CRIP. (A) Structure of the exc-9 gene, indicating exons, introns, and UTRs. The position of the n2669 and gk395 mutations is
indicated, as is the ampliﬁed region used for PCR in order to perform RNAi. (B) exc-9 encodes a small protein containing a single LIM domain with 2 Zinc-ﬁnger domains, plus a short
variable-length and -shape tail (in black) at the C-terminus. Structure (adapted from Perez-Alvarado et al., 1996) shows approximate positions of conserved cysteine and histidine
residues used to co-ordinate zinc binding. (C) Alignment of EXC-9 and other CRIP/CRP1 proteins shows well-conserved homology. The Zn-binding cysteine and histidine residues of
the LIM domain are shown in grey, as are all residues in the consensus sequence that are 100% conserved between these proteins. The arginine residue of EXC-9 that is mutated to a
stop codon in the n2669 allele is circled. (D) Phylogenetic tree of EXC-9 and CRIP homologues suggest that EXC-9 and VALV-1 result from a duplication found only in nematodes. EXC-
9 and VALV-1 show closest homology to the CRIP/CRP1 family of vertebrate proteins.
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Fig. 5. VALV-1 CRIP is expressed in multiple valves. The promoter for the valv-1 (B0496.7) gene was linked to gfp and microinjected into N2 worms. Strong expression was
consistently found in the pharyngeal–intestinal valve (arrow) and tissue surrounding the pharynx, possibly the amphid sheath (A), spermathecal–uterine valves (arrows) and vulval
epithelial cells (arrowhead) (B), intestinal–rectal valve (C), hypodermal seam cells (D), and gonadal sheath cell that surrounds developing oocytes (e.g. arrow; bright green is
hypodermal seam cell out of focus) (E). (F) Wild-type animal injected with RNAi to valv-1 shows a fertilized egg (arrow) trapped in the spermatheca. Spermatocytes (black
arrowhead) are visible between the oocyte and the uterus above the vulval opening (white arrowhead). (G) Expression of valv-1∷gfp in the canals largely rescues the Exc-9 mutant
phenotype; the canal extends most of the way to the anus. Anterior to the left in all panels; scale bars 25 μm.
230 X. Tong, M. Buechner / Developmental Biology 317 (2008) 225–233and the tissue of the rectal valve (Fig. 5C). Expression was also seen in
tissue surrounding the pharynx (Fig. 5A), in the seam cells of the
hypodermis that synthesize the cuticular alae (Fig. 5D), and in the
gonadal sheath that surrounds the oocytes (Fig. 5E). No expressionwas
found in the excretory canals. Since no knockoutmutant of this gene is
available, we reduced function of VALV-1 via injection of dsRNA
speciﬁc to this gene. Progeny of injected animals that expressed the co-
injected marker rol-6(su1006) were noticeably affected in the function
of the valves where this protein normally is expressed. The animals
appeared starved and had reduced ability to pass food into the
intestine (not shown), even though pumping of the pharynx appeared
to be normal (not shown). At the same time, they seemed unable to
excrete properly. Finally, the animals often had fertilized oocytes
trapped in the spermatheca, unable to continue into the uterus (Fig.
5F). We conclude that the VALV-1 protein is necessary for the ability of
these valves to function efﬁciently.
As noted, valv-1 is not expressed in the excretory canals. We linked
this gene to gfp and placed it under the control of the vha-1 promoter.
Expression of a valv-1∷gfp translational construct in the excretory
canals greatly improved the Exc-9 mutant phenotype (Fig. 5G, Table
1), extending canal length and preventing the formation of large cystic
canals, although complete restoration was not observed. We conclude
that EXC-9 and VALV-1 perform substantially similar cellular tasks indifferent tissues, and that this task affects the structural integrity of
the luminal surface of epithelial cells.
Overexpression of exc-9 also affects cell shape
High levels of expression of either functional EXC-9 or EXC-9∷GFP
in the excretory canals caused a phenotype similar to that caused by
overexpression of an exc-5 translational construct. The exc-5 gene
encodes the nematode homologue to the FGD1 GEF that activates
CDC-42 in mammalian cells (Gao et al., 2001; Olson et al., 1996; Suzuki
et al., 2001). When EXC-5 is overexpressed in nematodes, the canals
polarize normally and create a normal lumen from the apical surface,
but the structure of the basolateral surface necessary for extension of
the canals along the hypodermal basement membrane is not
maintained (Huang et al., 2003; Suzuki et al., 2001). As for exc-5
overexpression, nematodes with strong levels of exc-9∷gfp expression
exhibited canals that were incapable of extending to their full length,
but which contained canal lumena of normal diameter circling inside
the enlarged cell body (Fig. 6A). This “convoluted” canal phenotype
was never seen in animals microinjected with the GFP vector alone
(not shown), and could be seen both in N2 worms and in some exc-9
worms injected with high levels of the exc-9∷gfp construct under the
expression of either the exc-9 or vha-1 promoter. The frequency of
Fig. 6. CRIP overexpression also affects epithelial shape. A) An animal with high levels of
exc-9∷gfp expression exhibiting a convoluted canal phenotype, with the narrow lumen
visible (arrow) wound up inside the excretory cell body (anterior to the right). (B)
Abnormal tailspike in N2 animal containing high levels of the exc-9∷gfp transgene.
Scale bars 25 μm.
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strain expressing RNAi speciﬁc to gfp (data not shown). Finally, N2
nematodes expressing high levels of exc-9∷gfp also showed abnormal
tail whip morphology (Fig. 6B). We conclude that, as for exc-5, not
only does loss of EXC-9 activity result in disruption of the apical sur-
face of the canals, but overexpression of EXC-9 disrupts structure at
the basolateral surface of these tubules.
EXC-9 expression rescues other exc mutant phenotypes
Since overexpression of exc-9 behaves similarly to that of exc-5-
overexpressing constructs, we tested whether exc-9 exhibited genetic
interactions with the EXC-5 GEF and with other exc genes (Table 1).
The exc-9∷gfp construct was injected into various other mutants with
cystic canals to see if exc-9 overexpression could rescue the cystic
phenotype.
We assessed the effects of injection by measuring the approximate
length of the canals and general size of cysts, if any, to form an overall
measure of canal morphology (see Materials and methods). The exc-5
mutants formvery large cysts predominantly at the tips of the shortened
canals. Expression of exc-9∷gfp caused no statistically signiﬁcant im-
provement on this phenotype. In contrast, in the reciprocal experiment,
expression of exc-5∷gfp rescued the phenotype of exc-9(gk395) deletion
mutants about as well as did injection of exc-9∷gfp (Table 1), yielding
almost complete loss of cysts, much longer canals, and frequent form-
ation of convoluted canals. The ability of EXC-5 to restore canal
morphology to exc-9mutants, while EXC-9 cannot restore the structure
of exc-5 canals, strongly indicates that EXC-5 functions downstream of
EXC-9 to maintain the structure of the epithelial apical surface.In contrast to its inability to rescue exc-5, the expression of exc-
9∷gfp was able to improve canal morphology in other exc mutants
(Table 1). Mutants in exc-2, which has not yet been cloned, show
severe cystic swelling of severely shortened canals. Expression of
exc-9∷gfp in this mutant showed clear improvement of canal
morphology, with animals presenting much smaller cysts, longer
canals, and occasional convoluted canals. Weaker rescue by exc-
9∷gfp was found for sma-1 mutants (encoding βBH-Bspectrin;
McKeown et al., 1998), mutants of which have short wide canals
with unseptate cysts. Finally, mutants in exc-1 (uncloned) present
defects similar to those of exc-5, with large cysts predominantly at
the terminus of the canals. Injection of exc-9∷gfp was unable to
rescue the canal defects of exc-1 mutants. Mutants in exc-4
(encoding a CLC ion channel; Berry et al., 2003) show severe
cystic swelling similar to that of exc-2 mutants. Injection of exc-
9∷gfp into these exc-4 mutants did cause the formation of some
animals with wild-type canals, but not at a statistically signiﬁcant
level.
A yeast two-hybrid assay was performed to look for interactions
between EXC-9 and other proteins. Out of 36 million clones tested
from a mixed-stage hermaphrodite cDNA library, 4 yielded positive
interactions. All 4 positive clones encoded CSN-5, the nematode
homologue of subunit 5 of the COP9 signalosome which acts in
conjunction with E3 ubiquitin ligases to degrade proteins (Schwech-
heimer, 2004). The C. elegans Interactome Project has previously
found that VALV-1 also shows a yeast two-hybrid interaction with
CSN-5 (Li et al., 2004). However, we did not see strong GFP expression
of a csn-5 promoter construct either in the excretory canals or in
tissues where valv-1 is expressed (data not shown). The addition of 11
amino acids to the 5′ end of the exc-9 gene (the side of the gene where
the Gal4 bait was attached) substantially reduces the gene's ability to
rescue exc-9 mutants and renders it unable to create animals with
convoluted canals (data not shown). We suggest that the assay
therefore indicated that EXC-9 and VALV-1 proteins can themselves be
degraded by the COP9 signalosome.
Discussion
EXC-9 is a nematode CRIP homologue
The Cysteine-Rich Intestinal Proteins were originally discovered as
developmentally-regulated zinc-binding proteins in the mammalian
gut (Birkenmeier and Gordon, 1986; Hempe and Cousins, 1991). They
have since been found to be expressed in multiple tissues, including
gut, heart, lung, skin, and the immune system (Levenson et al., 1993;
Tsui et al., 1994), and more recently found as a component of the
nervous system in annelids (Emes et al., 2003), but their function has
remained obscure. No mutants have previously been discovered in
CRIP-encoding genes. Overexpression of mouse CRIP in the intestine
increased the ratio of Th2:Th1 immune response (Lanningham-Foster
et al., 2002), and reduced overall white blood cell count (Davis et al.,
1998), but the biochemical basis for this response is unidentiﬁed. The
strong level of homology between human CRIP and nematode EXC-9
suggests that these proteins play a conserved role in cell biology. Our
expression and functional studies indicate that EXC-9 acts in the
excretory canal cytoplasm in a cell-autonomous manner to prevent
failures of the lumenal surface. Mammalian CRIP may therefore have a
similar role in regulating cell structure in those tissues where it is
expressed.
LIM domains can bind to DNA or to other proteins. Expression of
our exc-9 translational construct was predominantly cytoplasmic (Fig.
4H). In addition, the related mouse protein CRP2 was found to be
expressed in the cytoplasm and at the cell surface when expressed in
COS cells (van Ham et al., 2003). We conclude that EXC-9 and VALV-1
likely bind to other proteins in the cytoplasm of the cells where they
are expressed.
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A second CRIP homologue in C. elegans has maintained a similar
biological function as that of EXC-9, and can substitute for EXC-9 if
expressed in the excretory canals. VALV-1 is normally expressed,
among other tissues, in junctions between several epithelial tubes,
such as the pharyngeal–intestinal valve, spermathecal valve, and
intestinal–anal valve.While nomutant of VALV-1 has yet been isolated,
our RNAi studies suggest that VALV-1 function is necessary for function
of these tissues. While these epithelia polarize normally and initially
form a superﬁcially normal structure, they have difﬁculty opening
enough to pass material. Isolation of a mutant and further study of the
ultrastructure of these tissueswill be necessary to conﬁrm the location
and placement of VALV-1 protein and its function in cell contractility.
The tissues where EXC-9 and VALV-1 are expressed in C. elegans
include: A) many particularly long processes, such as the excretory
canals and PLN neuron, which extend nearly the entire length of the
animal; B) tissues with thin protrusions or highly sculpted thin shapes,
such as the tail whip and distal tip cells, and; C) valves and other
tissues, such as the uterine seam cell, in which the apical surface must
change shape rapidly in order to function. In themammalian intestine,
CRIP is expressed most highly in villi during weaning, a period of
rapid morphological differentiation (Birkenmeier and Gordon, 1986).
Villus cells, like the C. elegans canals, have highly sculpted surfaces,
with a thick terminal web of actin and intermediate ﬁlaments
anchoring thin characteristic structures: canalicular invaginations in
the case of the excretory canals (Nelson et al., 1983), protruding
microvilli in the case of the intestine (Heintzelman and Mooseker,
1992; Hirokawa et al., 1982). In annelids, CRIP is upregulated during
injured nerve regeneration (Blackshaw et al., 2004). As an animal
moves, long neuronal process as well as the long thin hollow canal
processes will be required to bend repeatedly, which will greatly
strain the surface of the canals. A common feature of all of these cell
types is the necessity for rapid cytoskeletal remodeling during cell
movement. A possible function for CRIP homologues may be to
provide ﬂexibility to thick cytoskeletal surfaces. Loss of CRIP function
results in an apical surface that cannot move rapidly, and therefore
breaks. Indeed, in exc mutants, individual cysts appear instantly and
stochastically along the length of the canals as the animal moves and
pumps liquid through the canals, as if the apical surface is brittle; and
electron microscopy of some excmutants clearly shows that the thick
apical cytoskeleton is broken and fragmented around the cysts
(Buechner et al., 1999).Fig. 7.Model of EXC protein interactions. Diagram depicts a section of the excretory canals. sm
We hypothesize that bending of the tube stretches or causes a gap at the apical cytoskeleto
phosphorylated and active, and direct the growth and stability of the apical cytoskeleton, w
apical surface would repress activation of EXC-9.EXC-9 acts with other EXC proteins to regulate tubule shape
exc-9 exhibits genetic interactions with other exc mutants. Results
here show that expression of a functional exc-9∷gfp construct
signiﬁcantly rescues exc-2 mutants, and improves the phenotype of
sma-1 mutants (and perhaps exc-4 mutants), but cannot rescue exc-
1 or exc-5mutants. In contrast, expression of exc-5 prevents formation
of cysts in exc-9mutants. Our results strongly suggest that EXC-9 CRIP
functions in a pathway upstream of EXC-5 to regulate apical
cytoskeletal structure (Fig. 7). Yeast two-hybrid data taken by
themselves could indicate that EXC-9 and VALV-1 potentially act on
CSN-5-mediated protein degradation, and suggest that perhaps EXC-9
prevents turnover of EXC-5. Since csn-5 is not strongly expressed in
larval or adult excretory canals or neurons, however, it is more likely
that the yeast two-hybrid interactions resulted from binding of EXC-9
degradation products to CSN-5. The presence of the GAL4 DNA-
binding domain at the N-terminus of the small CRIP protein may
prevent it from binding to its normal partner in a yeast two-hybrid
assay.
exc-5 encodes a homologue of the FGD1 (Facial–Genital Dys-
plasia) GEF defective in Aarskog–Scott syndrome (Gao et al., 2001;
Suzuki et al., 2001). Mammalian FGD1 activates the small GTPase
CDC-42 in mammalian tissue culture to regulate apical cytoskeletal
morphology (Zheng et al., 1996), and also uses an SH3 domain to
stimulate cortactin to polymerize actin via Arp 2/3 (Kim et al.,
2004), Nematode EXC-5 lacks this SH3 domain, and therefore
should affect cytoskeletal structure predominantly through GEF
activity. EXC-5 and EXC-9 are both highly expressed in the excretory
canals and tailspike. In addition, EXC-5 is found in some valve cells
and is highly expressed in the muscular nematode pharynx, while
EXC-9 is not found in this tissue. Interestingly, mutations in another
mammalian homologue, FGD4, result in Charcot–Marie–Tooth syn-
drome, a form of muscular dystrophy (Delague et al., 2007). The
differences in nematode tissue expression patterns suggests that
VALV-1 could activate EXC-5 in some tissues, and that EXC-5 has
separate functions unregulated by either EXC-9 or VALV-1 in muscle
tissue.
The identity of EXC-2 and EXC-1 are not yet known, although since
the phenotype of exc-1mutants resembles that of exc-5mutants, and
since overexpression of exc-9 is similarly unable to rescue exc-1
mutants, EXC-1 may function together with EXC-5 downstream of
EXC-9 in a pathway that activates CDC-42 at the canal apical surface.
EXC-4 encodes a CLC chloride channel (Berry et al., 2003); it is possiblea-1mRNA is transported via EXC-7 ELAV and is translated along the length of the canals.
n that sends a signal to EXC-9, which activates EXC-1 and EXC-5 to cause CDC-42 to be
hile inhibiting the basolateral cytoskeleton. In this model, placement of spectrin at the
233X. Tong, M. Buechner / Developmental Biology 317 (2008) 225–233that the function of this channel may provide an ionic environment
necessary for EXC-9 to function normally.
Based on these results, we suggest a model of tubule maintenance
in the excretory canals as presented in Fig. 7. The presence of the
EXC-4 CLC channel and EXC-2 allow EXC-9 to function. EXC-9 signals
through EXC-5 (and presumably EXC-1) to activate CDC-42 and
possibly other small GTPases to maintain the ﬂexibility of the apical
epithelial surface. The cytoskeletal terminal web is anchored to the
luminal surface through the β-heavy spectrin SMA-1. Since exc-9
overexpression partially rescues sma-1 mutation, we hypothesize
that placement of spectrin at the apical surface may send a signal to
EXC-9 to modulate the activity of this pathway in a feedback loop,
while stretching or lack of spectrin at the apical surface could
increase EXC-9 activity. Future studies should determine other
potential binding partners and the biochemical role of CRIP proteins
in signaling to the apical surface, how this signaling may repress
cytoskeletal maintenance at the basolateral surface, as well as the
identity of EXC-1 and other proteins that form and maintain the
structure and malleability of apical cytoskeleton in tubules and other
epithelia.
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